When a stiff nanowire is deposited on a compliant soft substrate, it may buckle into a helical coil form when the system is compressed. Using theoretical and finite element method (FEM) analyses, the detailed three-dimensional coil buckling mechanism for a silicon nanowire (SiNW) on a polydimethylsiloxane (PDMS) substrate is studied. A continuum mechanics approach based on the minimization of the strain energy in the SiNW and elastomeric substrate is developed. Due to the helical buckling, the bending strain in SiNW is significantly reduced and the maximum local strain is almost uniformly distributed along SiNW. Based on the theoretical model, the energy landscape for different buckling modes of SiNW on PDMS substrate is given, which shows that both the in-plane and out-of-plane buckling modes have the local minimum potential energy, whereas the helical buckling model has the global minimum potential energy. Furthermore, the helical buckling spacing and amplitudes are deduced, taking into account the influences of the elastic properties and dimensions of SiNWs. These features are verified by systematic FEM simulations and parallel experiments. As the effective compressive strain in elastomeric substrate increases, the buckling profile evolves from a vertical ellipse to a lateral ellipse, and then approaches to a circle when the effective compressive strain is larger than 30%. The study may shed useful insights on the design and optimization of high-performance stretchable electronics and 3D complex nano-structures.
. Schematic diagram of the helical buckling of SiNW on PDMS substrate (Xu et al., 2011) . First, the PDMS is pre-stretched and radiated by ultraviolet/ ozone ( Step 2) which improves the adhesion strength between PDMS and SiNW. Then, the SiNW is transferred to the surface of PDMS (Step 3) using contact printing. After releasing the pre-strain in PDMS, helical buckling occurs in the SiNW (Step 4).
with selecting adhesion to the elastomeric substrate can also generate complex three dimensional buckle modes, the strain distribution along the nanowires are also not uniform and the loose contact between the nanoribbons and the substrate may initiate failure (Xu et al., 2015) , and the selecting adhesion is more challenging than perfect (uniform) adhesion. Although three dimensional helical-like buckling behavior of a wire embedded inside an elastomeric matrix has previously been reported (Su et al., 2014) , to our knowledge, the mechanism of the helical buckling mode of a straight nanowire on elastomeric substrate remains unclear.
In this work we only focus on studying the intrinsic helical buckling mechanism of a straight SiNW on PDMS substrate with perfect interface adhesion via theoretical analysis and comprehensive finite element method (FEM) simulations, and further verifying by parallel experiments. A continuum mechanics approach is established which is extendable to threedimensional helical coil buckling on elastomeric substrates. The helical buckling process occurs at Step 4 the releasing of the pre-strain in PDMS. For the convenience of FEM simulation, this step is equivalent to the compression of the PDMS substrate. Experimental is introduced in Section 2 and in Section 3 the continuum mechanics model is derived based on the minimization of the system strain energy. Next, in Section 4, systematic FEM simulations are conducted to verify the theoretical model and study the evolution of the buckling modes. The comparison between the theoretical predictions, FEM simulation results and experiments is also presented. A concluding remarks is made in Section 5.
Experimental
The experimental method previously developed (Xu et al., 2011) was employed in this work. The experimental results are shown in Section 4 for comparison with analytical and FEM simulation results. Below, a brief summary of the experimental method is provided. SiNWs were synthesized on the silicon wafer by chemical vapor deposition using gold nanoclusters as catalysts and silane (SiH 4 ) as vapor-phase reactant. A polydimethylsiloxane (PDMS) substrate with a thickness of 2 mm was prepared using Sylgard 184 (Dow Corning) by mixing the "base" and the "curing agent" with a ratio of 10:1. The mixture was first placed in a vacuum oven to remove air bubbles and then thermally cured at 65°C for 12 h. Rectangular slabs of suitable sizes were cut from the cured piece. Fig. 1 schematically shows the process for fabricating buckled SiNWs. A miniaturized tensile testing stage (Ernest F. Fullam) was used to mechanically stretch the PDMS slab to the desired levels of pre-strain, with both ends of the slab clamped. The pre-strained substrate was radiated under a UV lamp (low-pressure mercury lamp, BHK) ( Fig. 1, Step 2). A contact printing method was used to transfer the SiNWs on the silicon wafer to the PDMS substrate. The silicon wafer was slid along the pre-strained direction to align the SiNWs (Fig. 1, Step 3 ). Releasing the pre-strain in PDMS resulted in buckling of the SiNWs (Fig. 1, Step 4). The releasing step was carried out in-situ under an atomic force microscope (AFM). At a number of intermittent strain levels, the releasing was paused and AFM images were taken, based on which the buckling spacing of the SiNWs is deduced as shown in Sections 4.1 and 4.2. Between such intermittent strain levels, the releasing (unloading) strain rate was between 10 À 4 /s and 10 À 3 /s to eliminate the effect of loading rate on the buckling behaviors. The entire experiment was strain controlled.
Theoretical analysis

Continuum model for helical buckling mode
Subjected to an effective compressive strain ε com imposed by contraction of the PDMS substrate (from steps 3 to 4 in Fig. 1 ), the SiNW buckles into a helical buckling configuration, which is schematically shown in Fig. 2 . Here, the x axis is along the axial direction of the SiNW, y axis is perpendicular to the surface of PDMS and z axis is along lateral direction in PDMS surface. Based on experimental observation (Xu et al., 2011) , the helical mode of the SiNW is uniform in the middle. Therefore, in theoretical model the deflection of the SiNW is approximated by a helical curve as w¼a cos(kx) in y direction and v¼ b sin(kx) in z direction, where a and b denote the deflection amplitudes in y and z directions, respectively, and k is the buckling wavevector, a variable related to the screw pitch (or buckling spacing) h by k¼2π/h. For the simplification of the theoretical analysis, the constitutive relations of the SiNW and PDMS substrate are assumed as linear elasticity which is also consistent with the previous literatures (Mei et al., 2011; Song et al., 2009a; Su et al., 2014) .
Let u denote the axial displacement of the SiNW, and the membrane strain ε m in the SiNW (caused by axial tensile or compressive force in the SiNW) is expressed as
As the Young's modulus of the SiNW (e.g. 200 GPa) is several orders of magnitude larger than the elastic modulus of the PDMS substrate (e.g. 6 MPa), the membrane stress in SiNW is assumed as a constant and the shear stress along the axial direction of SiNW is ignored in the theoretical model. Indeed, based on the FEM simulation results (presented in Section 4.5) the membrane strain in SiNW is almost constant and is much smaller than the bending strain. The shear stress along the axial direction of SiNW is about one order of magnitude smaller than the traction stresses perpendicular to the SiNW. However, if Young's modulus of the wire is comparable to that of the substrate, the shear stress may play an important role in the buckling behaviors of a wire on an elastomeric substrate. The shear stress effect will be systematically explored in our future works. By assuming constant membrane strain ε m in SiNW, Eq. (1) can be rewritten as
Substituting the helix deflection of the SiNW into Eq. (2), the governing equation of the axial displacement u is
Solving Eq. (3) to obtain the axial displacement
where the two parameters C 1 and C 2 can be determined by the boundary conditions. By ignoring the rigid body displacement of the SiNW we obtain C 2 ¼0. As the SiNW is perfectly boned to the PDMS substrate, by considering the displacement compatibility between the SiNW and PDMS substrate we obtain C 2 ¼ Àε com , where ε com is the effective compressive strain applied to the PDMS substrate. Then, the membrane strain ε m can be obtained by substituting Eq. (4) into Eq.
(1) as 
where E and A denote Young's modulus and cross sectional area of the SiNW respectively. The curvature of the SiNW under helical mode is Then, the bending energy (per unit length) in the SiNW is
where I is the moment of inertia of the SiNW in the corresponding bending direction of the helical curve. In this work, the cross section of SiNW is circular, so that the moment of inertia I¼ πR 4 /4 is equal in all directions, where R is the radius of SiNW. In fact, the theoretical analysis presented herein is not restricted to the circular cross section of the SiNW. Nevertheless, in practice helical buckling is most likely to appear in nanowires with equal moment of inertial in all directions, e.g. circular cross section. Otherwise, the buckling would occur with respect to the direction with the smallest moment of inertia. By substituting Eq. (7) in to Eq. (8) and integrating, the bending energy per length is For the helical buckled SiNW, additional torsion energy must be taken into account. As an approximation, the SiNW are regarded as a spring loaded by an axial force F¼EAε m
Then, the shear force F S and torsional moment T acting on the cross section of the SiNW are
The torsion and shear energy (per unit length) in the SiNW can be given as
employing the helix deflection of the SiNW and substituting Eqs. (10)- (12) into Eq. (13), the torsional energy per unit length is ( ) where G is the shear modulus and I p ¼πR 4 /2 the polar moment of inertia.
In order to derive the deformation of the PDMS substrate caused by the helical buckling of SiNW, the helical buckling is decomposed into two buckling modes, i.e. the in-plane buckling mode and out-of-plane buckling mode. Then, the deformation of the PDMS substrate is the superposition of displacement fields caused by the two buckling modes, respectively. As the thickness of PDMS substrate is much larger than the deflection of SiNW, the substrate is regarded as a semi-infinite solid. Based on the beam theory, the lateral distributed load (per unit length) of a beam can be derived by the deflection v and axial force F¼EAε m of the beam as P ¼EId
For the helical buckling mode, the deflection can be decomposed into out-of-plane deflection w¼acos(kx) and in-plane deflection v ¼bsin(kx), respectively. Then, the distributed load applied on the SiNW in
where
Using the Green's function method, for unit normal force acting at point (x 1 , 0, z 1 ) on the surface of an incompressible semi-infinite solid, the normal displacement at point (x, 0, z) can be given as
2 ) is the plane-strain modulus of the elastomeric substrate with ν S the Poisson's ratio of the substrate. For the average normal force P y cos(kx)/(2R) over the width 2R, the normal displacement on the surface of the PDMS substrate can be integrated as
is the modified Bessel function of the second kind (Abramowitz and Stegun, 1972; Timoshenko et al., 1970) . As the buckling spacing of SiNW is much larger than the radius of SiNW, i.e. kR {1, the dominant term in the Taylor series expansion of the normal displacement is
where γ¼0.577 is Euler's constant. Following the same procedure, for unit lateral force (z direction) acting at the point (x 1 , 0, z 1 ) on the surface of an incompressible semi-infinite solid, the lateral displacement at point (x, 0, z) is
. Then, for the average lateral force P z sin(kx)/(2R) over the width 2R, the lateral displacement (z direction) on the surface of the PDMS substrate can be integrated as
, where K 1 (k|z À z 1 |) is the modified Bessel function of the second kind. For kR { 1, the dominant term in the Taylor series expansion of the lateral displacement is
Therefore, the strain energy of the PDMS substrates (unit length) caused by the out-of-plane and in-plane buckling of the SiNW is 
where the two integral terms in Eq. (18) represent the deformation compatibility between the SiNW and the PDMS substrate. The admissible solution should make the two integral terms equal zero. Substituting Eqs. (6), (9), (14) and (17) into Eq. (18), the total potential energy of the whole system can be written as ( As the PDMS substrate is almost volume incompressible, Poisson's ratio ν S is set as 0.5. Then, the theoretical solution of the helical buckling spacing and critical buckling strain can be obtained by minimizing the total potential energy U total with respective to a, b and k, that is respectively, where η¼b/a is the ratio between the in-plane displacement and out-of-plane displacement amplitude for the helical buckling of SiNW. If the helical buckling mode degenerates to the out-of-plane (η ¼0) or in-plane (η-1) buckling mode, Eq. (20) can degenerates to the buckling wavevector of the out-of-plane or in-plane buckling mode reported in previous work, respectively (Xiao et al., , 2010 , which verifies the validity of the theoretical model presented herein. For the SiNW with Young's modulus 200 GPa and radius of 15 nm and the PDMS substrate with elastic modulus 6 MPa, the relations between the helical buckling wavevector k and η described by Eqs. (20) and (22) are shown in Fig. 3 , respectively. It is suggested the relation between k and η can be well described by Eq. (22). The wavevector decreases with the increasing of η and for the prefect helical buckling mode with η¼1 the wavevector can be approximately given by
s , which gives the initial helical buckling spacing as
This relation will be further verified by FEM simulation results in Section 4.3. Substituting Eq. (20) into Eq. (21), the critical buckling strain can be rewritten as . Interestingly, if we ignore the very slow change of f(η) with kR, the critical buckling strain is independent on the radius of the SiNW, R. The relation between the critical buckling strain ε cr and the displacement amplitude ratio η is shown in Fig. 4 . Similar to the relation between the buckling wavevector and η, the critical buckling strain decreases with the increasing of η. Besides, the same scaling lawĒ E / S of the critical bucking strain has also been found in previous literatures for the in-plane or out-of-plane buckling mode of a nanowire on an elastomeric substrate Xiao et al., 2010) .
Both experiments and FEM simulations (below) indicate that the number of helical buckling coil in SiNW keeps constant during compression of the PDMS substrate (see Fig. 8 ). Assuming the initial length of SiNW is l 0 and the number of helical bucking coil is n, the initial helical buckling spacing is h¼l 0 (1 À ε cr )/n and the post buckling spacing is h p ¼ l 0 (1 À ε com )/n. Thus, the relation between the post buckling spacing h p and compressive strain ε com is Fig. 3 . The relations between the wavevector k and η described by Eqs. (20) and (22), respectively. Fig. 4 . The relation between the critical buckling strain and the displacement amplitude ratio η described by Eq. (24). The post buckling spacing is determined by the cross section dimension of the nanowire, the Young's modulus of the nanowire and substrate, and the compressive strain, similar to that reported in previous theoretical works (Jiang et al., 2007; Kalita and Somani, 2010; Sun and Rogers, 2007) .
In order to obtain the helical buckling displacement, the total potential energy of the SiNW and PDMS system (Eq. (19)) is minimized by conjugate gradient method with respect to a and b. For the effective compressive strain 34%, the out-of-plane and in-plane displacement amplitudes for different diameters of SiNW from 10 nm to 100 nm and different Young's modulus of nanowire from 10 GPa to 250 GPa are shown in Tables 1 and 2 , respectively. Here, the elastic modulus of the PDMS substrate is set as 6 MPa. Generally, both of the out-of-plane and in-plane displacement amplitudes a and b increase with the diameter and Young's modulus of the nanowire. Furthermore, the out-of-plane and in-plane displacement amplitudes can be well described by The largest discrepancy between the predictions from Eqs. (26), (27) and the values of a and b obtained by numerically solving Eq. (19) is smaller than 3.5%.
Comparison of the bending strain for different buckling modes
The helical buckling can significantly release the bending strain in SiNW, so that SiNW can sustain larger compression in helical mode than that of the in-plane or out-of-plane modes, enhancing the stretchability (Xu et al., 2011) . In this section the maximum bending strain in SiNW for different buckle modes is analyzed.
As studied in Section 3.1, the deflection of SiNW is represented by a general helical form, that is w¼acos(kx) in y direction and v ¼bsin(kx) in z direction. If a ¼0, it is the in-plane mode; while for b¼ 0, it is the out-of-plane mode. Based on the general helical form, the maximum bending strain in SiNW can be given as (Xu et al., 2011) For the diameter of SiNW D¼30 nm at a given post buckling spacing h p ¼1.2 μm (corresponding to an effective compressive strain of ε com ¼19.36% for helical buckling). The contour map of ε max for different values of a and b is shown in Fig. 5 . The contour map is symmetric along the line of a ¼b and has the lowest values when a ¼b. Beyond the line a¼b, ε max increases with the increasing of b (the in-plane displacement amplitude) and decreases with the increasing of a (the out-ofplane displacement amplitude), whereas below the line a¼b, the trend reverses. Taking the failure strain of SiNWs as 6.5% (Xu et al., 2011; Zhu et al., 2009) , from the contour map we can find that the fracture strain is always larger than ε max around the line a ¼b, which represents the perfect circular buckling mode, even if some displacement amplitudes (a or b) becomes large. This means that the stretchability of helical buckled SiNW can be enhanced, which echoes the fact that during experiments the helical buckled SiNW did not fail even upon the failure of PDMS substrate (Xu et al., 2011) . The stretchability of helical coil can further benefit by increasing the failure strain of PDMS and bonding strength of the interface between SiNW and PDMS. For a ¼b, another benefit is that the distribution of the bending strain along the axis of the nanowire is uniform which will be discussed in Section 4.5.
Energetically favorable helical buckling mode of SiNWs
Based on the total potential energy of the SiNW and PDMS substrate (Eq. (19)), a typical energy landscape for different buckling profiles (i.e. different displacement amplitudes in the in-plane and out-of-plane direction) is given in Fig. 6 , in which the Young's modulus of SiNW is set as 200 GPa and the elastic modulus of PDMS is set as 6 MPa, respectively, and the radius of SiNW is 15 nm and the effective compressive strain is 30%. It is shown that both of the in-plane and out-of-plane buckling modes are at the local minimum points of the potential energy landscape. This can explain why in some of the previous experiments the in-plane buckling for a nanowire on an elastomeric substrate has been observed, while in others the out-of-plane buckling has been observed. However, as shown in Fig. 6 the helical buckling has the global minimum potential energy which means the helical buckling is the most favorable buckling mode. Through properly adjusting the loading rate and interface adhesion strength between the nanowire and elastomeric substrate, the helical buckling can be observed in experiments.
FEM simulations
To verify the theoretical model of helical buckling, FEM simulations using ABAQUS is conducted. For simplicity, we only consider step 4 in Fig. 1 which is equivalent to applying an effective compressive strain ε com to the PDMS substrate. The inplane dimensions of PDMS substrate is 40 μm Â 40 μm with thickness of 5 μm, which are much larger than the initial helical buckle spacing and amplitudes of SiNW. SiNW is taken as beams with circular cross section. Besides, the binding between PDMS substrate and SiNW is assumed strong enough without debonding in all simulations. SiNW is consisted of beam elements (B31) with linear elasticity in ABAQUS and for PDMS substrate it is described by linear elasticity with three dimensional continuum elements (C3D8R), which is consistent with the theoretical model presented in Section 3. Indeed, the linear elasticity has been widely applied to the PDMS substrate and can give reasonable buckling behaviors of a stiff element on an elastomeric substrate in previous literatures (Mei et al., 2011; Song et al., 2009a; Su et al., 2014) . We have also conducted the FEM simulation by assuming hyperelastic constitutive relation (Neo-Hooke model) for the PDMS substrate. The helical buckling of the SiNW is also observed with small difference of the buckling spacing and amplitude to that of the PDMS substrate described by linear elasticity. Therefore, in order to directly compare with theoretical results, the linear elasticity has been employed to describe the PDMS substrate. Although Young's modulus of SiNWs may be dependent on the diameter of SiNWs (Zhu et al., 2009) , such size dependency is ignored in the current study. Different diameter of the SiNW ranging from 10 nm to 100 nm and Young's modulus ranging from 10 GPa to 250 GPa, are also considered in the comprehensive FEM simulations.
Helical buckling of SiNW on PDMS substrate
We compare the helical buckle profiles between FEM simulations and experiments to highlight the main geometrical features. The Young's modulus and diameter of the SiNW used in simulation are 187 GPa for a typical diameter of SiNW 28 nm (Xu et al., 2011; Zhu et al., 2009) . As the elastic modulus of PDMS is varied after being radiated by ultraviolet/ozone ( Step 2), in order to fit the initial-buckle spacing measured in experiments (1.65 μm) its elastic modulus is set as 3.76 MPa, which is in the range of the elastic modulus of PDMS reported in previous literatures (Ryu et al., 2009; Song et al., 2009a Song et al., , 2009b Zhou et al., 2015) . The typical simulated buckling configuration of SiNW on PDMS substrate after compression is shown in Fig. 7(a) , in which the helical coil morphology is easily recognized, and it is noticed that the deformation of the middle of SiNW is uniform. The buckling configuration in parallel experiments is demonstrated through planar and 3D atomic force microscopy (AFM) images of the helical SiNW, as indicated in Fig. 7(b) .
The evolution of the buckling profile of SiNW on PDMS substrate obtained from FEM simulation is shown in Fig. 8(a) . As compression proceeds, the displacement amplitudes of the SiNW gradually increase, while the post buckling spacing gradually decreases, which agrees well with the experimental observations, see Fig. 8(b) . The two arrows in Fig. 8(a) are fixed reference points on the SiNW and interestingly, they always correspond to the peaks of the buckling waves during compression. This implies that the peaks always locate at the same points of the SiNW and the number of coil waves is constant during compression. Further analysis indicates that the relative distribution of the buckling displacement on the SiNW does not change.
The detailed relation between the post buckling spacing and effective compressive strain for the helical buckling is given in Fig. 8 . During helical buckling the number of coils in SiNW is constant, for example there are always 7 coils between the two reference arrows when the compressive strain varies from 5.07% to 26.5%. The relation between the post buckling spacing and effective compressive strain is given in Fig. 9 for the experiments (red squares), simulation results (black circles) and theoretical predictions of Eq. (25) (black dotted line). Nearly perfect accordance with experiments can also verify the effectiveness of both the theoretical model and the FEM results.
Evolution of the helical buckling profile during compression
FEM simulation results show that the helical buckling profile of SiNW actually changes from a vertical ellipse to a lateral ellipse, and then approaches to a circle when the PDMS substrate is being gradually compressed. Fig. 10(a) shows the amplitude evolution and Fig. 10(b-f) shows the changes of the SiNW side-view profiles (along the axial direction) with the effective compressive strain. As the effective compressive strain increases exceeding the initial buckling strain, first the outof-plane displacement increases quickly and the in-plane displacement is almost zero, see Fig. 10(a) and (b) . Then, the in- plane displacement becomes more prominent in contrast to slightly decreasing of the out-of-plane displacement as the effective strain gets larger. With further compression, both the in-plane and out-of-plane amplitudes increase, and eventually the helical coil profile of SiNW becomes circular to accommodate the large local strain, with the ratio of in-plane amplitudes to out-of-plane amplitudes shown in Fig. 11 . In our current FEM simulations, due to the extensively distorted elements in the buckling area the maximum compressive strain applied to the PDMS substrate is 35% smaller than the experimental value 42%. However, as the buckling profile is gradually approaching to a circle with compression which is similar to the experiments, we can predict the helical buckling profile is a circle to release the bending strain in SiNW with further increasing the compressive strain.
As shown in Fig. 11 , the ratio of in-plane displacement amplitude to out-of-plane displacement amplitude quickly increases with the compressive strain when the compressive strain is larger than the initial buckling strain, and reaches the local acmes at the compressive strain about 4%. Generally, the nanowires with higher Young's modulus have larger peak values of the displacement amplitude ratio. Thereafter the ratio conspicuously decreases with the magnitude approaching 1. The same trend in the displacement amplitude ratio was observed in experiments (Xu et al., 2011) (note that the minimum effective compressive strain in the experiments was larger than 5%, so only the decreasing trend was able to observe in experiments). Since the displacement amplitude ratio approaching 1 can accommodate larger effective compressive strain (e.g., the circular profile can take the largest strain), the buckled NWs appear to be self-adaptive or "smart" to search for an optimum displacement amplitude ratio.
Helical buckling spacing
In order to obtain the initial buckling spacing in FEM simulations, we should first clarify the onset of buckling. Here, the strain energy of SiNW is given in Fig. 12(a) and a clear bifurcation point is found in the strain energy-compressive strain curve. Therefore, the onset of the buckling is defined as the bifurcation point. As the major displacement of SiNW is perpendicular to the surface of PDMS when the compressive strain is smaller than 2%, as shown in Figs. 10 and 11 , the out-ofplane displacement of SiNW at the bifurcation point is used to determine the initial buckling spacing, as shown Fig. 12(b) . For the case shown in Fig. 12(b) , the out-of-plane displacement v of SiNW is about 50 nm much smaller than the initial buckling spacing which echoes this point is very close to the initial buckling point. Because of the computational accuracy it is impossible to determine the exact initial buckling point in FEM simulation. As the influence of the boundary, the buckling amplitude is not uniform. However, the buckle spacing is quite uniform and the initial buckling spacing h is 1.47 μm, see Fig. 11(b) .
The contour of axial normal strain (ε xx ) on the surface of PDMS corresponding to the bifurcation point in Fig. 12 is given in Fig. 13(a) . The initial buckling spacing increases as Young's modulus of SiNW. FEM simulation shows that the initial buckling spacing is almost proportional to the 1/4 power of Young's modulus of SiNW and is linear to the diameter of SiNW (see Fig. 13(b) and (c)), which agrees well with Eq. (23) in Section 3.
After the initial buckling, the deflection of SiNW increases accompanied by the decreasing of the post buckling spacing as the compression proceeds. Fig. 14(a) shows the axial normal strain contour (ε xx ) on the surface of PDMS at the effective compressive strain of 18%. The post buckling spacing increases with the increasing of SiNW modulus for a given compressive strain, as shown in Fig. 14(b) and (c) . Both the theoretical (see Eq. (25)) and FEM simulation results indicate that the post-buckle spacing scales with the 1/4 power of the SiNW modulus, and increases linearly with SiNW diameter, the same trends as the initial buckling spacing.
Displacement amplitudes of helical buckling
In Fig. 15 , the comparisons of the in-plane and out-of-plane displacement amplitudes between the theoretical predictions (Eqs. (26) and (27)) and FEM simulations are presented. The FEM simulation results show that the in-plane and out-ofplane displacement amplitudes increase linearly with SiNW diameter and are almost proportional to the 1/4 power of the SiNW modulus, which fit very well to the theoretical predictions. Besides, the displacement amplitudes in y and z directions are almost equal for the effective compressive strain larger than 34%, which means the SiNW buckles into a circular coil form, helping to accommodate larger bending deformation with less maximum local strain. Previous studies indicate that even if the effective compression strain reaches as high as 50%, the maximum local strain in SiNW is less than 3%, considerably lower than the fracture strain of SiNWs (6.5%) (Xu et al., 2011) .
Strain distribution in SiNW
The advantage of the helical buckling of SiNW can be revealed from the FEM simulation results in Fig. 16(a) . The membrane strain in SiNW, compared to the total strain (mainly the bending strain), is considerably small and can be regarded as a constant, verifying the assumption in Section 3.1. The inset of Fig. 16(a) shows the distribution of the maximum local strain along the helical buckling configuration. The maximum local strain at the cross section of SiNW is quite uniform and much smaller than the externally imposed compressive strain in the PDMS substrate which is beneficial to ensure the uniform electronic properties along the SiNW. However, there is still a small fluctuation of the maximum local strain with the fluctuation period equal to the post buckling spacing, see Fig. 16(a) . This is because the helical buckling profile of SiNW is not a perfect circle and the maximum local strain is the largest at the points of the largest deflection point. The maximum local strain versus the effective compressive strain for different SiNW and PDMS modulus (with constant diameter of SiNW, i.e. 30 nm) is shown in Fig. 16(b) . At a small effective compressive strain the maximum local strain increases fast, and as the effective compressive strain gets larger, the maximum local strain becomes more stable, which agrees well with the previous studies (Xu et al., 2011) .
The nanowire/substrate modulus ratio has a profound impact on the maximum local strain. In Fig. 16(b) , the maximum local strain for several modulus ratios (E/E s ) are given, and as the modulus ratio decreases, the maximum local strain decreases remarkably. This is because the post buckling spacing h p is proportional to the 1/4 power of the nanowire/ substrate modulus ratio E/E s and based on Eq. (28) the larger value of h p has smaller bending strain. In particular, when the modulus ratio is small, e.g. 1/200,000 (when Es ¼1 MPa and E ¼200 GPa), the maximum local strain is smaller than 3% even at a large effective compressive strain 25%, and such a helical buckled coil profile may accommodate large deformation. This phenomenon is attributed to the deformation homogeneity along the SiNW for helical coil buckling. Note that the fracture strain of SiNW with a diameter of 28 nm is 6.5%, and thus one does not expect fracture to occur even for very large effective compressive strain (such as 50% in previous experiments (Xu et al., 2011) ). However, for SiNW buckled in the in-plane or out-of-plane sinusoidal wave, the maximum local strain along the SiNW is much larger than that of the circular helical coil buckled SiNW, because the deformation is relatively inhomogenous and the bending strain is concentrated at the crest or valley of the buckled configurations compared to the helical SiNW.
Conclusions
In summary, we have introduced the theoretical and FEM studies of a special buckling mode -three dimensional helical coil buckling of SiNW on the UVO-treated PDMS substrate -as observed in experiments. FEM simulations agreed well with the experiments in terms of the configuration and evolution of the buckling profile. A continuum mechanics theory based on the minimization of the total potential energy of the SiNW and PDMS substrate is established and the impact of SiNW properties and the geometric dimension on the buckling characteristics, such as the buckling spacing, the in-plane and out-of-plane displacement amplitudes, etc., has been revealed, which agrees quite well with the FEM simulation results. Both the theory and FEM simulation suggest that higher SiNW modulus gives rise to larger buckling spacing and displacement amplitudes. The buckling spacing and displacement amplitudes increase linearly with the SiNW diameter, and are almost proportional to the 1/4 power of the ratio between the SiNW modulus and the substrate modulus. The critical strain at the onset of the buckling, according to the theory, is determined by the modulus ratio and independent of the geometric dimension of SiNW. In addition, the FEM simulation results indicate that the amplitude ratio changes with the effective compressive strain, and when the effective compressive strain is large enough, the buckling shape is almost circular, namely the amplitude ratio approaching 1. Such a circular buckling profile can significantly release the bending strain in SiNW and make maximum local strain uniform along the SiNW due to the deformation homogeneity, and therefore large deformation can be accommodated based on this principle. 
